The objective of this study was to examine the validity of estimating cell number using the watersoluble tetrazolium salts-8 (WST-8) assay for normal cells. The changes in mitochondrial activity of human umbilical vein endothelial cells (HUVECs) cultured under various culture conditions were evaluated using this assay. We found that cell counting of HUVECs by the WST-8 assay was not accurate under certain culture conditions, because the mitochondrial activity per cell changed depending on culture duration and medium composition. When charcoal/dextran-treated fetal bovine serum (FBS) -supplemented medium was used in cultures, the mitochondrial activity per cell was similar both in the presence and in the absence of vascular endothelial growth factor (VEGF). Furthermore, the mitochondrial activity did not affect the proliferative activity of cells, because we observed VEGF-dependent proliferation of HUVECs in this medium. For precise evaluation of cell number using the WST-8 assay, it is important to consider the accuracy of the assay results. Thus, a reliable method of cell counting using WST-8 needs to be developed.
Introduction
Cell counting of animal cell cultures is a basic but very important technique. It is essential in various research and development areas such as cell biology, production of biological products, artificial organs, and regenerative medicine. Traditionally, a hemocytometer is used for counting cells from a uniform suspension of single cells, which is prepared by enzymatic treatment with trypsin, collagenase, or dispase. Nowadays, automated cell counting devices are commercially available. However, when it is difficult to obtain a single cell suspension or when multisample estimations are needed, indirect cell counting focusing on cellular components is also performed. The lactate dehydrogenase (LDH) assay is a well known indirect assay for cell counting, and numerous commercial kits are available.
In recent years, evaluation of small quantities of specimens in a 96-well plate has become more frequently performed, and smaller volume plates such as 384-well plates are also commonly used. Assaying on a small scale is beneficial in the culture of precious cells, such as in tissue engineering ; however, in some cases retrieving and directly counting cells can be laborious. In these cases, assays based on intracellular enzymes are more desirable for cell counting. However, errors in enzyme extraction and analysis or complicated procedures can affect results of the LDH assay.
Another widely used method based on the levels of intracellular enzymes is evaluation of the mitochondrial activity of cells. These assays measure intramitochondrial dehydrogenase activityz1|, with the 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide(MTT)and watersoluble tetrazolium salts-8(WST-8)assays being the most famous. These tetrazolium dye assays are extremely simple and popular methods, as they do not require specialized equipment and have been used in numerous studiesz2-6|. However, culture conditions or cell morphology may affect the results of cell counting when mitochondrial activity is estimated. When the WST-8 assay was used in primary cultures of hepatocytes in spheroid culture and in monolayer culture, the results revealed that there was an underestimation of mitochondrial activity in spheroid culturesz7|. Furthermore, the mitochondrial activity of cells should be linearly proportional to the cell number, even under different culture conditionsz3, 4|. Tetrazolium dye assays are used for cell counting under the assumption that the mitochondrial activity of the cells does not change during the culture period, according to previous reportsz5, 6|. However, no study has evaluated how various factors that affect cell activity may influence this assay. In particular, cell activity may change greatly when medium conditions and matrix conditions are differentz3|. Therefore, the validity of cell counting based on mitochondrial activity remains to be determined. Especially, validation of this assay is important because in certain situations, it is necessary to estimate many specimens, such as when exhaustive analysis is performed in drug development, biological analysis, and matrix development in tissue engineering. The activity of normal cells is more sensitive to culture conditions than cell lines. If culture evaluation using normal cells is performed without optimization of culture conditions, the target response may be masked by errors or other signals. Thus, the changes in mitochondrial activity under different culture conditions need to be examinedz4|.
In this study, we used human umbilical vein endothelial cells(HUVECs), which are employed in many tissue engineering studies as a representative human cell, to evaluate the changes in mitochondrial activity per cell for different medium conditions, numbers of passage, culture conditions, culture durations and methods of measurement. All of these factors were examined with respect to the validity of cell number evaluation using the WST-8 assay for normal cells. Furthermore, we aimed to develop a medium for performing the WST-8 assay accurately, which can be used to determine the effects of additional growth factors on cell proliferation.
Methods

Cell and culture media
HUVECs and HuMedia-EG2 were purchased from Kurabo (Osaka, Japan) . HuMedia-EG2 contained 2％ v/v FBS, 1 μg /ml hydrocortisone, 50 μg/ml gentamicin, 50 ng/ml amphotericin B, 10 ng/ml human recombinant epidermal growth factor(EGF), 5 ng/ml human recombinant basic fibroblast growth factor(bFGF), and 10 μg/ml heparin in the basal medium HuMedia-EB2. Human endothelial serum free medium (Life Technologies, Carlsbad, CA, USA) was used as another basal medium｛SFM (GF free)}. This medium was supplemented with 10 ng/ml EGF and 20 ng/ml bFGF(Kurabo){SFM(＋ EGF, bFGF)｝ or 20 ng/ml vascular endothelial growth factor (VEGF) (R & D Systems Inc., Minneapolis, MN, USA)｛SFM (＋ VEGF)｝when necessary.
Cell culture
HUVECs in 2 ml HuMedia-EG2 were seeded into 6-well plates (bottom area : 9.6 cm 2 , Thermo Fisher Scientific, Kanagawa, Japan)and incubated at 37°C under a humidified atmosphere of 5％ CO2 and 95％ air. The medium was changed 1 day after seeding and every 2 days thereafter.
WST-8 assay
Briefly, WST-8 ｛2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl) -5-(2, 4-disulfophenyl)-2H-tetrazolium, monosodium salt｝ produces a water-soluble formazan dye upon reduction by intramitochondrial dehydrogenase. WST-8 solution (Cell Counting Kit-8, Dojindo Laboratories, Kumamoto, Japan) was added to HuMedia-EG2 or other medium used in cultures in a 1 : 10 dilution. The medium conditions of the WST-8 assay are shown in Table 1 . HUVECs were incubated in these tetrazolium-containing media for 4 h. After incubation, 1 N HCl (equal volume to WST-8 solution)was added to stop the reaction. The concentration of formazan in the medium was measured by absorbance at 450 nm using a microplate autocolorimeter (Immuno Mini NJ-2300 ; Biotec Co., Tokyo, Japan).
Manual cell counting
HUVECs were retrieved after WST-8 assay by treatment with calcium and magnesium-free PBS containing 1 mg/ml trypsin(Wako Pure Chemical, Osaka, Japan)and 0.2 mg/ml 2NA (EDTA・2Na) (Dojindo Laboratories), and the cell number was counted using a hemocytometer.
Time course
HUVECs were seeded into 6-well plates at a density of 2500 viable cells/cm 2 , and the medium was changed after 24 h to HuMedia-EG2 or SFM (＋VEGF) . Cell viability was measured by Trypan blue exclusion assay. The media was changed at 24, 60, 97, and 144 h after seeding to tetrazolium-containing medium and the mitochondrial activity of HUVECs was evaluated by WST-8 assay. HUVECs were retrieved after WST-8 assay by trypsin treatment and the cell number was counted using a hemocytometer.
Medium
HUVECs were seeded into 6-well plates at a density of 7500 viable cells/cm 2 , and the medium was changed to Advanced Biomedical Engineering. Vol. 3, 2014.
(2) Table 1 HuMedia-EG2, SFM(GF free)or SFM(＋ EGF, bFGF)24 h after seeding. After another 24 h, the medium was changed to tetrazolium-containing medium and the mitochondrial activity of HUVECs was evaluated by WST-8 assay. HUVECs were retrieved after WST-8 assay by trypsin treatment and the cell number was counted using a hemocytometer.
Passage number
HUVECs at passage numbers 4, 5, and 6 were seeded into 6-well plates at a density of 2500 viable cells/cm 2 and cultured for 6 days. The medium was changed 1, 2, 4, and 6 days after seeding to tetrazolium-containing medium and the mitochondrial activity of HUVECs was evaluated by WST-8 assay. HUVECs were retrieved after WST-8 assay by trypsin treatment and the cell number was counted using a hemocytometer.
Medium for WST-8 assay
HUVECs were seeded into 6-well plates at a density of 6000 viable cells/cm 2 , and the medium was changed to HuMedia-EG2 or SFM(GF free)24 h after seeding. After another 24 h, WST-8 assay was performed in one-half the total number of wells using tetrazolium-containing HuMedia-EG2. The media of the remaining half were changed to HuMedia-EG2 and incubated for a further 3 h. Then, WST-8 assay was performed using tetrazoliumcontaining HuMedia-EG2. HUVECs were retrieved after WST-8 assay by trypsin treatment and the cell number was counted using a hemocytometer.
Charcoal/dextran-treated FBS
HuMedia-EB2 containing 2％ v/v charcoal/dextrantreated FBS (Thermo Fisher Scientific), 1 μg/ml hydrocortisone, 50 μg/ml gentamicin and 50 ng/ml amphotericin B was prepared(HuMedia-C-FBS EG2).
HUVECs were seeded into 6-well plates at a density of 2500 viable cells/cm 2 , and the medium was changed to HuMedia-C-FBS EG2 (GF free) or HuMedia-C-FBS EG2 (＋ 20 ng/ml VEGF)24 h after seeding. The media were changed at 43 and 136 h after seeding to tetrazoliumcontaining HuMedia-EG2 and the mitochondrial activity of HUVECs was evaluated by WST-8 assay. HUVECs were retrieved after WST-8 assay by trypsin treatment and the cell number was counted using a hemocytometer.
Statistical analysis
The results are presented as mean ± standard deviation. Statistical analysis was performed using a two-tailed unpaired Studentʼs t-test for two-group comparisons and one-way analysis of variance (ANOVA) followed by a Bonferroni post-hoc test for comparisons between multiple groups. P ＜ 0.05 was considered to be statistically significant.
Results
Medium and time course
HUVECs were grown in SFM(＋ VEGF)or HuMedia-EG2 (Fig. 1A) . Almost the same morphology was observed by optical microscopy (Fig. 2) . At 144 h, the cell number increased 2.6-fold compared to the initial cell number in SFM (＋VEGF), and 19.4-fold in HuMedia-EG2. Thus, SFM (＋VEGF) was inferior to the serum-supplemented HuMedia-EG2 medium in supporting proliferation. Absorbance in WST-8 assay showed similar results to manual cell counting, indicating that this assay was capable of efficiently estimating cell number (Fig. 1A) . However, the data of this study showed that mitochondrial activity per cell was not constant but appeared to decline relative to the 24-h value in both medium conditions( Fig. 1B) . At the lowest mitochondrial activity for each sample, the absorbance decreased to 66％ of the initial value at 24 h in SFM (＋ VEGF) and to 47％ in HuMedia-EG2. In addition, mitochondrial activities per cell of cells grown in SFM(＋ EGF, bFGF)and SFM(GF free)were 67％ and 36％, respectively, of that in HuMedia-EG2 (Fig. 1C) . Based on these results, we found that mitochondrial activity of HUVECs changed with culture duration and medium conditions, and that cell counting of HUVECs by WST-8 assay was not accurate.
Passage number
Evaluation was performed at passage numbers 4, 5, and 6, because the proliferative activity of HUVECs cultured in HuMedia-EG2 declined at passage number 7 (data not shown). Mitochondrial activity per cell from passage numbers 4, 5, and 6 showed similar temporal changes (Fig. 3) . In addition, there was no significant difference between these passages. Thus an effect of passage number was not observed.
Medium used in WST-8
The difference in mitochondrial activity between SFM (GF free)and HuMedia-EG2 cultures decreased from 67％ to 26％ when cells cultured under the two medium conditions were preincubated in HuMedia-EG2 before WST-8 assay (Figs. 1C and 4) . This result indicates that the mitochondrial activity of HUVECs in SFM(GF free) may be enhanced by incubating in HuMedia-EG2 prior to performing WST-8 assay. However, a 20％ disparity still remained (Fig. 4) . This suggests that mitochondrial activity is reduced when HUVECs are cultured under serum-free conditions.
Charcoal/dextran-treated FBS
During precise cell culture evaluations, an error often arises by the addition of biologically active molecules such as serum-derived growth factors, which is why serum-free medium is often used in these cases. However, serum-derived components are indispensable for culturing various types of cells, and declined proliferation is often seen in serum-free conditions. Charcoal/dextrantreated FBS(C-FBS)is serum that has been treated with charcoal/dextran to reduce the amount of biologically active molecules such as growth factors. Thus, we hypothesized that using C-FBS for cells requiring serum components would allow accurate culture evaluation without requiring full serum.
In the study using HuMedia-C-FBS EG2, we observed cell proliferation in VEGF-supplemented conditions, but no proliferation when VEGF was absent (Fig. 5A) . When mitochondrial activity per cell was compared under these two conditions, the difference between the VEGF-free and VEGF-containing cultures were only 9％ at 136 h, when the difference in cell number was the largest (Fig. 5B) . These results show that addition of growth factors clearly affects the performance of the WST-8 assay, because the proliferative activity between the two conditions was quite different.
Discussion
There are many publications on the evaluations of cell number estimation, counting or toxicity by different methods such as direct cell counting, LDH, BrdU and neutral red assaysz2-4|. Some reports support mitochondrial activity evaluation as a reliable method of estimating cell number, stating that assays of mitochondrial activity yield similar results compared with direct cell counting or other evaluationsz1, 2|. However, other reports indicate that the behavior of mitochondrial activity differs from the results of other evaluations z3, 4|, and suggest that detailed investigation of the validity of these methods is necessary. In this study, we evaluated the validity of measuring mitochondrial activity per cell as a means of estimating cell count. Using HUVECs as a representative of normal human cells, we found at first glance what seemed to be a correlation between the results of direct cell counting and the WST-8 assay. However, after further investigations, we discovered that the mitochondrial activity of HUVECs fluctuated greatly depending on assay condition, medium condition, and culture duration. As a result, cell count estimation was underestimated in at least 50％ of the samples tested. A large number of studies perform cell counting by measuring mitochondrial activity, and many publications use HUVECs as the model cellz5, 6|. Thus, our results raise an alert over the use of the WST-8 assay in those studies.
However, in small-quantity multi-sample estimations using a 96-well plate, which has been widely used in recent years, the WST-8 assay, which is very simple and easy to perform without many operation errors, is a very useful method for cell counting. However, in some situations such as drug screening or matrix development in tissue engineering, differences in the composition of culture medium between samples may result in discrepancies in cell count evaluation by the WST-8 assay, which could have much bigger effects on the results of the study. In this study, when we used serum-free medium that is generally employed in these evaluations, the cells have low proliferative activity, and the mitochondrial activity per cell changed during the culture period. Based on these results, serum-free conditions are apparently not appropriate for performing cell count estimation by the WST-8 assay. In addition, because a large improvement in mitochondrial activity was observed by incubating HUVECs in serum-supplemented medium prior to performing the WST-8 assay, we believe that serum components are essential for good and stable proliferation of HUVECs and maintenance of cell activity.
As HuMedia-C-FBS EG2 has reduced amounts of biologically-active components compared with serum, we speculated that using this medium in cell cultures would allow evaluation of the effects of additional factors while maintaining the proliferation of HUVECs as if they were cultured in normal serum-supplemented medium. Under these conditions, VEGF was tested as an additional factor, and we observed proliferation of HUVECs only under VEGF-supplemented conditions. Furthermore, the mitochondrial activity per cell showed a consistent value regardless of the growth behavior of HUVECs. In conclusion, use of HuMedia-C-FBS EG2 allows accurate assessment of how additional factors in medium, which are required for maintaining proliferation of HUVECs, affect the performance of cell count estimation using the WST-8 assay.
In the present study, we only determined one medium condition of HUVECs cultured in supplemented VEGF. When culture evaluation is performed with other cell types or additional factors, further research is necessary. In addition, WST-8 cannot be used to evaluate the effect of additional factors in some cell types. For example, HepG2, a human liver carcinoma cell line, tends to form cell aggregates, and additional factor or WST-8 cannot act on the cells inside the aggregates. Other methods should be used for these cell types. This paper describes the methodology of WST-8 assay, and the most important point is the attitude of how reliable WST-8 assay can be performed. When cell number is estimated using tetrazolium dye, the validity of the assay must first be confirmed to find the most suitable medium condition for the assay.
Conclusion
Medium components may affect the mitochondrial activity of each cell in culture. As a result, cell counting of HUVECs using the WST-8 assay cannot be performed under certain conditions. In contrast, VEGF-dependent proliferation of HUVECs was observed using a medium containing charcoal/dextran-treated FBS, in which the mitochondrial activity per cell remained constant. We developed a medium condition for performing the WST-8 assay accurately in HUVEC cultures.
